Understanding the dissolution of silicate glasses and minerals from atomic to macroscopic levels is a challenge with major implications in geoscience and industry. One of the main uncertainties limiting the development of predictive models lies in the formation of an amorphous surface layer--called gel--that can in some circumstances control the reactivity of the buried interface. Here, we report experimental and simulation results deciphering the mechanisms by which the gel becomes passivating. The study conducted on a six-oxide borosilicate glass shows that gel reorganization involving high exchange rate of oxygen and low exchange rate of silicon is the key mechanism accounting for extremely low apparent water diffusivity (∼10 −21 m 2 s −1 ), which could be rate-limiting for the overall reaction. These findings could be used to improve kinetic models, and inspire the development of new molecular sieve materials with tailored properties as well as highly durable glass for application in extreme environments.
I n nature, silicate glasses and minerals dissolve incongruently by various interrelated processes such as water diffusion in the solid, ion exchange, hydrolysis, condensation, and precipitation of secondary phases [1] [2] [3] [4] [5] [6] . The global dissolution kinetics of the primary solid depends on its composition, its structure, and also on the fluid properties (e.g., pH, composition, and flow rate) 7 . As a result, the less-soluble elements will form new phases on the reacting surface, either by dissolution-reprecipitation 3, 4, 6 or by local rearrangement 8, 9 . These phases can be amorphous or crystalline, dense, or porous 10 . These products change the solution composition; this can affect both the driving force for further dissolution and the mass transfer between the bulk solution and the reactive surface 1, 6 . To date, the role of surface layers remains insufficiently understood to derive rate laws that can accurately predict the fate of silicate phases in various natural or engineered environments 10, 11 . This is, however, an important need in many fields: in geochemistry to calculate the budget of some elements in the rivers and in the oceans, for the geological sequestration of CO 2 , for the safety assessment of geological disposal of nuclear waste, etc. In the case of borosilicate glass used to confine nuclear wastes, several hypotheses are still under debate to account for the 3-5 orders-of-magnitude decrease of the dissolution rate measured in confined environments: (i) saturation of the solution in silica thereby decreasing the chemical driving force for the dissolution reaction 12 , (ii) pore closure within the gel layer limiting the transport of aqueous species 9 , (iii) water diffusion in the pristine solid 13 , (iv) diffusion of dissolved silica through the gel layer leading to higher concentrations at the reaction front 2 , and more recently (v) slow mobility of water molecules in the gel due to their confinement in constricted micropores 14, 15 . The reasons why so many hypotheses are still under consideration are that high-resolution and high-sensitivity analytical tools available to investigate reacting buried interfaces are limited, and the composition and properties of alteration layers depend on many intrinsic and environmental parameters, complicating any attempt of a general theory 5, 16 .
Here, we propose an approach based on three experiments with isotopically tagged water molecules to study their mobility and their reactivity in a passivating gel formed on International Simple Glass (ISG), a six-oxide borosilicate reference glass 17 , as well as molecular dynamics (MD) simulations and continuumscale modeling to support experimental findings. Although isotopes have been used previously to investigate glass or mineral alteration mechanisms 6, [18] [19] [20] [21] , another approach relying on the quantification of the passivating properties of the alteration layer is proposed here. The first experiment studies the dynamics of water in a gel formed during a 1-year-long alteration of ISG glass monoliths, and the second and the third experiments explore the dynamics of self-reorganization of a young and a mature gel, respectively. All the gels have been obtained by alteration of ISG at 90°C, pH 7 in a solution initially saturated with respect to amorphous silica and containing K (called reference conditions in the following). It was demonstrated in a previous study that these conditions lead to the formation of a micrometer thick, uniform, and chemically homogeneous, passivating gel layer free of secondary phases 14 . Monoliths tested in experiments 1 and 3 come from the experiment described in Gin et al. 14 , whereas experiment 2 is a short-term experiment conducted in similar conditions. From this study, we infer that hydrolysis-condensation reactions within the gel strongly affect the transport of water molecules and thereby limit glass dissolution.
Results
Water dynamics in a mature gel. For the first experiment, we have selected a passivating gel formed by ISG glass alteration in the reference conditions. In this medium, after 1 year, the glass dissolution rate dropped by a factor ∼1000 relative to the initial dissolution rate and a 1.5-µm-thick gel-like material formed on Experiment from which pieces studied in experiment 1 and 3 were taken. This initial experiment was conducted in the so-called "reference conditions" (90°C, pH 90°C 7, 160 mg L −1 of Si and 6 g L −1 of K). The image displays the reactor, the sample holders, and a few glass pieces. More details are provided in Gin et al. 14 . Experiment 2, although conducted on new fresh glass pieces corresponds to the early stages of the initial experiment. a Time evolution of the equivalent thickness of altered glass calculated from B concentration in solution. A few data points deviate from the overall trend because of the low concentration of B and the high dilution factor (∼11) prior to ICP-OES analyses. b Glass dissolution rate derived from the correlation displayed in a. Error bars represent s.d.
the glass surface (Fig. 1) . Note that this value is more accurate than that estimated in a previous study 14 due to a larger number of data points giving a long-term trend. This film was partly characterized in a previous study 22 and its characterization was completed by the assessment of water content, speciation, and mean pore size 22, 23 (Table 1 Figure 2a shows that, for all contacting durations, 18 O exchanged with 16 O in the gel and penetrated up to the reactive interface, which was well defined by a sharp change in the B concentration (Fig. 2b) . Moreover, the measurable increase of 18 O in the gel is observed even at the shortest contacting time (3 min) and its concentration significantly increases with time. We also note that all 18 O/ 16 O profiles are mostly flat with a slight but significant increase in the 200 nm near the reactive interface, likely due to the greater number of exchangeable O atoms in this less-mature area. According to the mean value of the O isotopic ratio measured in the gel, the time evolution of the percentage of exchanged O atoms was calculated assuming that only O from molecular water and silanols could exchange (Fig. 2c) . It is found that only~0.2% of these supposedly mobile O atoms had exchanged quickly (≤3 min). This fraction increases with time but remains below 6% even after 3 months (Table 2) .
A model for water diffusion in passivating gel. The results from experiment 1 are consistent with a pore network made of a few deeply penetrating open channels and a large amount of deadend or closed pores in which water molecules and silanols cannot exchange easily (Fig. 3) . The basic assumption is that water molecules randomly explore the open porosity, and react with (Si, Al, and Zr)-O-Si bonds to open (by hydrolysis reactions) and close (by condensation reactions) pores within the gel. A model was developed according to these hypotheses (Supplementary Note 3). In this approach, the gel is assumed to contain spherical pores with a single mean pore radius. Some fraction of the pores are connected in aggregates that run from the solution/gel interface to the gel/pristine glass interface and are thus treated as cylinders for simplicity. The diffusion coefficient of water in connected pores (exchange mode 1), D c , is derived from a fit to the O isotopic profile recorded at 3-min contacting time using the Crank solution of Fick's second law for a one-dimensional Cartesian case ( Supplementary Fig. 4 ). Although the exact value cannot be determined, a value ≥10 −11 m 2 s −1 is expected to account for the flat experimental profile. Owing to the fast diffusion in connected pores, these pores rapidly equilibrate with the 18 O-enriched solution and can serve as a continuous source of 18 O that diffuses through the gel, via gel reorganization, to reach closed pores. The diffusion coefficient for water diffusion out of the connected pores and into the gel (exchange mode 2), D d , was calculated using an approximation to the Crank solution of Fick's second law in cylindrical geometry (see full derivation in Supplementary Information 3) . This analysis led to values of D d that decreased with time following a power law ( Supplementary Fig. 5 ), which could be indicative of a decrease in water diffusivity through the gel due to selfreorganization. D d decreased to~10 −21 m 2 s −1 within 24 h and reached 6 × 10 −23 m 2 s −1 after 3 months. Because isotopic equilibration was not achieved even after 3 months, it is likely that water diffusion could slow down further with time.
To summarize, the gel behaves as a molecular sieve for water molecules with a few open pathways allowing rapid diffusion and many closed pores that reduce water diffusivity by at least eight orders of magnitude. This raises two questions: (i) do simulations at the pore scale support the idea that water diffusivity can be ≥10 −11 m 2 s −1 in open but narrow channels of the order of 1-nm width, and (ii) is there any experimental evidence that the gel undergoes hydrolysis and condensation reactions once it is formed, as was indirectly seen in mesoporous silica? 24 In order to address the first question, water diffusion coefficients D in amorphous silica micropores of diameter ranging from 0.5 to~4 nm were evaluated by MD simulations with reactive potentials 25, 26 (Supplementary Note 4). Pure silica was selected as reliable potentials have been developed for the silica-water system and as the actual gels are made of more than (Table 1) . D values are plotted as a function of the radial distance from the center of the cylindrical pores (Fig. 4a ). An unconstrained bulk diffusivity of~2.5 × 10 −9 m 2 s −1 27,28 is attained only at the center of the largest pore. While similar results have been obtained with non-reactive potentials 29 with controlled addition of silanols, the use of reactive potentials in this work allows for dissociation of water, proton exchange, and formation of surface silanols. Close to the wall, water molecules form hydrogen bonds with oxygen in the silanols and other oxygen from the glass (Fig. 4a, b) . The formation of hydrogen bonds of water with relatively immobile species in the glass leads to lowering of water diffusivity by an order of magnitude for water molecules that are closer to the pore wall. These slow water layers induce a drag on other water molecules and reduce diffusivity in the center, especially in smaller pores. If the pore diameter is large enough, water molecules at the center of the pore are hydrogen bonded only to the nearby mobile ones and hence have a diffusivity closer to that of water in bulk. These results show that, as long as the pores remain open and larger than 0.5 nm in diameter, water diffusion is not dramatically affected by interactions with pore walls. This important result Furthermore, MD simulations were performed to obtain ISG glass and gel structures and analyzed the bottleneck and interstitial site density to understand available sites for water diffusion ( Fig. 5 and Supplementary Note 4) . Two gel structures were simulated from the glass. The first type of gel structure, called "Na-removed" in the following was obtained by removing Na atoms only from the ISG structure. The second type, chemically closer to the actual gel, and called "gel" in the following was prepared by removing all Na and B, 30% of Ca, and the free oxygen ions, i.e., oxygen ions that are not bonded to any other atom within a distance of 2.5 Å. The structures were generated using classical MD simulations with recently developed partial charge composition dependent potentials. A zoomed-in region of the 24,000 atoms simulation cell is shown in Fig. 5b . A Voronoi-Delaunay tetrahedron analysis 30, 31 was performed to find the bottleneck size and interstitial site and density distributions. The results, which represent the available bottlenecks for water molecule diffusion, are shown in Fig. 5a . In the bulk glass structure, the density of bottlenecks with size larger than the size of a water molecule is relatively small. The density increases in the Na-removed structure. In the gel structure, the density of bottlenecks and bottlenecks with larger sizes are much higher, and both contribute to provide channels for water diffusion. The density of bottleneck size with 1.28-Å radius (about the size of a water molecule) is 1.2, 2.2, and 2.8/nm 3 for ISG, Na-removed, and gel, respectively. These results are consistent with a recent MD study showing that a silica gel structure has randomly connected pores with certain pore size distributions that form channels for water diffusion 32 . Overall, this study at the nanometer scale suggests that the release of mobile species during glass alteration creates narrow channels in which water diffuses slightly slower than in the bulk, but not slow enough to account for the extremely low values derived from the 18 O-tracing experiments (<10 −21 m 2 s −1 ). Moreover, the release of mobile species leads to a reorganization of the silicate network which might affect the diffusion pathways.
Role of gel restructuring on passivation. To address the second question, i.e., whether the gel undergoes hydrolysis and condensation reactions once it is formed, two experiments were conducted in the reference conditions, one focused on the early stages of gel formation (experiment 2), and the other focused on a mature gel (experiment 3). For experiment 2, two solutions were prepared: solution S 1 with natural water ( 18 O/ 16 O = 2 × 10 −3 ) and solution S 2 with 18 O-enriched water so that 18 O/ 16 O = 0.24. Three polished pieces of unaltered ISG were first altered in solution S 1 for 3 days, after which one piece was withdrawn for ToF-SIMS depth-profiling analysis, while the other two were transferred to solution S 2 for an additional 4 or 10 days of alteration. Overall, O isotopic ratios were recorded in gels formed after 3, 7, and 13 days of alteration (Fig. 6) . The gel thickness obtained from the B profiles was 500, 600, and 740 nm at day 3, 7, and 13, respectively (Fig. 6a) . As expected, the gel analyzed after 3 days had the O isotopic signature of natural water. Importantly, no enrichment of 29 Si was noticed in the gel (Fig. 6b, inset) , confirming previous results indicating that, in silica-saturated and near-neutral pH conditions, Si from the glass does not dissolve, diffuse, and redeposit 14 .
When in contact with solution S 2 , the glass continued to alter but the isotopic signature of the gel originally formed in solution S 1 increased to a mean value of 0.15, which is very close to that recorded in the 100 nm of a new gel formed between days 3 and 7. From 7 to 13 days, the 18 O/ 16 O ratio increased further in the part of the gel formed in natural water by an amount that is beyond the noise of the signal (0.15 → 0.17) as well as in the gel formed between day 3 and 7 (0.13 → 0.18). According to the O speciation in the gel (Table 1) , and assuming that water molecules and silanols exchange first, a mass balance analysis indicates that 62% of the bridging O of the gel network was hydrolyzed and exchanged between days 3 and 7 and this figure increased to 70% at day 13. This is direct evidence that the young gel undergoes hydrolysis and condensation reactions that allow for isotopic exchange. Because Si atoms of the gel do not exchange with Si species in solution, it must be concluded that all the Si−O bonds of a given Si atom in the gel are not broken simultaneously. An alternative explanation, whereby all Si−O bonds are hydrolyzed, H 4 SiO 4 (aq) is released in pore water, and then quickly condenses has been ruled out in a previous study 14 .
Experiment 3 explored the behavior of a mature gel. This gel resulted from the alteration of ISG that altered 1625 days in the reference conditions (Fig. 1) . A piece of 1625 d was immersed for 1 month in a solution at 90°C, pH 7, saturated with respect to amorphous silica, and spiked with 18 O, so that 18 O/ 16 O = 0.24. The O isotopic ratio was then recorded by ToF-SIMS depth profiling (Fig. 7) . The shape of the O profile in the gel is similar to that obtained in tracing experiment 1 conducted at room temperature (Fig. 2a) but the 18 O enrichment is much higher due to a greater reactivity at 90°C than at room temperature 20 . In experiment 3, 21.1% of all O atoms available in the gel have been exchanged after 1 month. This value is close to the fraction of mobile O calculated from the budget of water molecules and silanols (28.4%, Table 1 ). However, experiment 1 demonstrated that a large faction of mobile O atoms are not easily accessible. To exchange these atoms between close and dead-end pores, network reorganization is necessary. This means that a total exchange of mobile O would necessarily be associated to some exchange of the O from the network, resulting in a higher 18 O/ 16 O ratio than that at equilibration. As a consequence, the mean 18 O/ 16 O obtained According to experiments 2 and 3, it is shown that both an early-formed and a mature gel could undergo hydrolysis and condensation reactions, suggesting that the gel reorganization is a continuous process affecting the pore connectivity and thus the mobility of water molecules. Although more research is needed to determine the kinetic constant and the activation energy of each type of reaction involving O, our results show that the consumption of water molecules in the exchange with silanols and bridging oxygens affects the flux of water molecules reaching the pristine glass surface. Indeed, a simple calculation based on the results of experiment 1 estimates that the flux of water molecules through the 1-year-old passivating gel is decreased by approximately four orders of magnitude compared to a nonpassivating gel formed in a Si-free solution (Supplementary Note 4). Previous studies proposed that hydrolysis, diffusion, and redeposition of Si were the key processes leading to the densification of the outer part of the gel, thereby closing open pores formed by the release of mobile species and eventually stopping further glass corrosion simply by preventing water molecules from reaching the pristine glass surface 9, 33, 34 . This paradigm must be revised as the present work shows that gel reorganization could be a continuous phenomenon involving a high reactivity of O and low mobility of Si. The simplistic idea that the gel is a rigid, strain-relaxed, and porous structure once formed, either totally inherited from the glassy network or reprecipitated, must also be revised, as its passivating properties mostly depend on reactions between water molecules and (Si, Al, and Zr)−O−Si bonds with bonding oxygen of the network. It is also expected that both the topology of the pore network and its dynamics of maturation depend on parameters such as glass composition, solution composition and pH, and temperature. Fig . 4 Water diffusivity in amorphous silica micropores. a Self-diffusion coefficient of water as a function of distance from the center of the pore in cylinder pores of amorphous silica with diameters of 0.5, 0.9, 1.6, and 3.6 nm from reactive force field-based molecular dynamics simulations. At the center of the pore, diffusing water molecules do not see the reactive sites in the wall and are relatively less constrained. The inner walls of the pore are oxygen terminated with atomic-scale roughness and reaction with water results in changes in the surface structure. Water molecules have been observed to diffuse up to a nanometer into the silica structure beyond the surface and further change the surface structure. The dashed lines corresponding to the color of the curves represent the approximate location of the pore wall. b Mean water diffusion coefficients at the pore wall and at the center of the pore for various pore sizes. In-between figures a and b, a snapshot of the 0.9-nm pore system with a section of the silica structure removed to show water in the pore. The silica structure is shown as the gray block and water on either side is shown as molecules inside the transparent blob
Adjustment of these parameters--especially the relative proportion of low-strength bonds (e.g., Si−O−B) that might lead to rapid reorganization but also to extensive dissolution and high-strength bonds (e.g., Si−O−Zr)--could lead to the development of new materials, for instance, for controlled drug release or the fabrication of glasses resistant to extreme conditions. For nuclear glass, the design of a smart engineered barrier supplying the glass surface with elements rending the gel dense and chemically-and-radiationresistant might contribute to improving the safety demonstration of geological repositories and eventually public acceptance.
Methods
Glass and experimental design. ISG glass was prepared by MoSci Corporation (Rolla, MO, USA) 17 . Pieces were cut and polished to optical grade. The alteration experiment dedicated to the formation of the passivating gels studied in experiment 1 and 3 of the present work was conducted with 16 pieces placed in perfluoroalkoxy (PFA) vessel, in controlled conditions: (90 ± 1)°C, pH 90°C 7 ± 0.2, 6 g L −1 K, and 160 ± 10 mg L −1 of 29 Si corresponding to the saturation of amorphous silica. The reader is referred to Gin et al. 35 for more details about this experiment.
In this initial experiment, glass alteration was monitored by solution sampling. Fig. 6 Dynamics of self-reorganization of a young gel. Dynamics is monitored by ToF-SIMS depth profiling (experiment 2). a Experimental protocol: piece 1 (orange) was altered for 3 days in solution S 1 only, piece 2 (green) was altered 3 days in solution S 1 followed by 4 days in solution S 2 , and piece 3 (blue) is similar to piece 2 but the alteration duration in solution S 2 was 10 days. b Normalized B profiles showing the position of the alteration front at the three considered durations. The inset displays the 29 Si/ 28 Si ratio in the gel of piece 1. Although the glass is altered in a solution highly enriched in 29 Si, the gel keeps the isotopic signature of the glass. c Oxygen isotopic profiles in the three gels. Contrary to Si, O in the gel displays an isotopic signature close to that of the solution. For ToF-SIMS profiles, only lines are displayed for a better readability, and the analytical step is 7 nm Samples were diluted and analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Thermo Scientific ICAP 6300 DUO). Several pieces were withdrawn during the course of the initial experiment: one after 363 days for running experiment 1 of the present study and another after 1625 days for experiment 3. For experiment 1, the 363-day piece withdrawn in the initial experiment was dried, broken into six pieces, and then placed at (25 ± 2)°C in a solution spiked with H 2 18 O, so that 18 O/ 16 O = 7 ± 3. These pieces of altered glass were sampled after various durations and analyzed by ToF-SIMS.
Experiment 2 devoted to study the dynamics of the early stages of gel reorganization was performed with fresh ISG pieces at (90 ± 1)°C, pH 90°C 7 ± 0.2, 3 g L −1 K using isotopically natural water in the first 3 days, and in 18 O-enriched water between day 3 and 13, so that 18 O/ 16 O = 0.24 ± 0.05.
ToF-SIMS analyses were performed by Tescan Analytics, Fuveau, France using a ToF-SIMS5 spectrometer (IonTof--Münster, Germany). The analytical procedure was optimized to minimize exchange between pore water and air humidity and quantify oxygen isotopic ratio in the gel. Details are provided in Supplementary Note 2. A pulsed 25 keV ∼0.1-pA Bi 3 ++ primary ion source was employed over a rastered area of 50 μm × 50 μm (beam size ≤ 3 μm). Depth profiling was performed using a 2-keV Cs + sputter beam with a 45°incidence to the glass surface, giving a 195-nA target current over a 200-μm x 200-μm area. A flood gun was used to compensate the charging effect on the surface. Negative ion depth profiles were recorded. These conditions provide a step of 7 nm, similar in the gel and in the glass. Data acquisition and post-processing analyses were performed using the SurfaceLab 6 software. A profilometer was used to measure the crater depth at the end of the analysis. Data are displayed as a function of depth considering the same sputtering rate in the alteration layer and pristine glass.
Molecular dynamics. Molecular dynamics (MD) simulations of water diffusion in amorphous silica micropores were performed with reactive dissociable water potentials 25, 26 and the LAMMPS package 36 . Reactive force field-based MD simulations were used previously to study the gel and gel/water interfaces 32, 37 . The Hole program 38 was used to determine the location and smoothness of the pore walls. NVT simulations at 298 K were performed for all the systems: 8 ns for the 0.5 and 1-nm pore systems, 4 ns for the 2-nm pore system, and 2 ns for the 4-nm pore system. The diffusion coefficients were calculated as the average of the diffusion coefficient in the radial direction over the length of the pore. See Supplementary Note 4 for more details.
